The power grid is under pressure to maintain a reliable supply because of constrained budgets and environmental policies. In order to effectively make use of existing transmission lines, it is important to accurately evaluate the line capacity. Dynamic thermal rating (DTR) offers a way to increase the utilization of capacity under real-time meteorological data. However, DTR relies on a number of sensors and the cost is high. Therefore, a method of improving the utilization of capacity by quasi-dynamic thermal rating (QDR) is proposed in this paper. QDR at different confidence levels and time scales is determined through the statistical analysis of line ampacity driven by key parameters, and the key parameters is identified by control variate method. In addition, the operation risk and tension loss is evaluated. The results show that QDR can increase the utilization of line capacity and in the absence of along-line measuring devices, QDR is more accurate, reliable and cost-saving. The managers can determine the appropriate confidence level according to the operation risk and tension loss that the system can bear, and shorten the time scale with the permission of the operation and control complexity.
Introduction
In view of the challenges of new energy generation, load growth and obsolete distribution facilities, it is imperative to improve the utilization of transmission line capacity [1] . However, due to the scarcity of space and land, there is great difficulty in building new transmission corridors [2] . Therefore, it is particularly important to accurately evaluate the maximum allowable ampacity and tap the transmission potential of existing lines to make full use of power grid resources [3] .
The transmission capacity is limited by thermal load, so the research on the thermal load capability of transmission lines is of great significance [4] . The traditional static thermal rating (STR) uses severe meteorological conditions to determine the maximum allowable ampacity of the line [5] , whose result tends to be conservative and reduces the utilization of the line. With the rapid development of sensor technology, the meteorological data obtained by the meteorological measurement devices are used to determine the real-time capacity [6] . Therefore, dynamic thermal rating (DTR) has gradually become a research hotspot [7] . Subsequently, meteorological numerical prediction technology has gradually gained widespread attention. In [8] , the meteorological prediction technology applied to DTR is introduced. Compared with STR, DTR makes full use of the hidden capacity of transmission lines under the safe operation of the power grid, and the utilization of capacity is greatly increased [9] .
QDR and Operation Risk Assessment of Transmission Line

Heat Balance Equation
The conductor temperature depends on the heat generated by the current passing through the line and absorbed from solar radiation, the convection heat generated by wind, and the radiation heat due to the temperature difference between the conductor and ambient temperature. At present, CIGRE [16] and IEEE standard [17] are two representative methods to characterize the relationship between conductor temperature and ampacity. It is assumed that the transmission line is a uniform conductor. According to the CIGRE standard, neglecting the influence of small quantity on the heat balance equation, such as evaporation heat loss and corona loss, the heat balance equation is shown in Equation (1): q c + q r = q s + I 2 R(T c )
where q c is the convection heat, related to ambient temperature, wind speed, wind direction, conductor surface condition and aggregation state, which is the main way of conductor heat dissipation; q r is the radiation heat related to conductor temperature, ambient temperature, conductor diameter and surface emissivity; q s is the absorption heat from solar radiation, which is not only related to the intensity of the sunshine and the height of the sun, but also related to the conductor diameter and surface absorptivity; R(T c ) is the conductor resistance at the temperature of T c ; I is the ampacity. The detailed expressions of above parameters are shown in [18] . The ampacity made the conductor temperature reach the maximum allowable value T cmax can be obtained by Equation (2):
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Quasi-dynamic Thermal Rating
STR is static, set according to the worst weather conditions. Because the worst weather conditions are rare, this method is conservative and therefore, it wastes available capacity. In order to increase the utilization of available capacity, QDR changes the time scale (yearly, seasonally, monthly) to take advantage of different weather conditions during different parts of the year. According to different time scales, all historical meteorological data are divided into different subsets. The maximum allowable ampacity is calculated using the data from each subset. QDR under different confidence levels is determined by statistical analysis. For example, calculate QDR at 99% confidence level in December based on eight-year historical meteorological data. Firstly, all the meteorological data in December of eight years are grouped into a subset. Next, the maximum allowable ampacity is calculated using the subset. Finally, the QDR at 99% confidence level in December is determined by statistical analysis of the ampacity, which means 99% of the ampacity are greater than QDR. QDR[S, T(i)] represents the QDR under the confidence level S and the ith time scale T(i), which satisfies the following constraints shown in Equation (3): 
Operation Risk and Tension Loss Assessment
Assuming that z is the collection of meteorological data such as wind speed, wind direction and ambient temperature at a certain time. The QDR of transmission lines under self-limiting and ambient environment can be calculated by Equations (2) and (3). When the current flowing through the line is QDR calculated, the actual operating temperature of the conductor T c under z is obtained by the heat balance equation, and the frequency of T c is shown in Equation (4):
where P(z) is frequency of z. The probability of conductor temperature exceeding T cmax is calculated by the frequency of T c , which is the operation risk corresponding the QDR, as shown in Equation (5):
If the temperature of an aluminum conductor is greater than 95 • C, the high conductor temperature will cause conductor tension loss. In [19] , the percent loss of tensile strength of an aluminum conductor strand can be determined as Equation (6): where T c is the temperature of conductors, and t is the exposure time in hours. The total loss of tensile strength in a composite conductor L c can be computed as Equations (7)- (9):
where r is the strand diameter, n is the number of strands and S is the strand strength for the individual components (e.g., aluminum Al, and steel St). According to Equations (6)-(9), considering the allowable limit of 15% loss of tensile strength, the life expectancy of the strands is 51 years at 110 • C, but it is about 3 months at 120 • C, and only 78 h at 140 • C, 23 h at 150 • C.
Identification of Key Parameters
There are two main factors affecting the ampacity of lines. One is the conductor parameters, including conductor diameter, maximum allowable operating temperature, solar absorptivity, emissivity and so on; the other is the surrounding meteorological parameters, including wind speed, wind direction, ambient temperature, sunshine intensity, solar hour angle, sun declination angle and so on. The meteorological data with the interval of one hour are from the Observatory of Shandong University in Weihai, China, from 1 January 2015 to 31 December 2015. It is of great significance to identify the key parameters affecting the ampacity. In this section, the key parameters affecting the ampacity are identified by the method of control variate, that is, one input parameter is varied while the other inputs are fixed [20] . The influence degree is based on the ampacity difference caused by a variable parameter. The conductor parameters and meteorological parameters are as follows.
The type of transmission line in this paper is LGJ-400/50, whose diameter is 27.63 mm and the maximum allowable operating temperature is 70 • C. For the emissivity and solar absorptivity, few values are selected, such as 0.23, 0.5, 0.7 and 0.9. For new conductors, the values of emissivity and absorptivity can be as low as 0.23 and for old conductors, these can be up to 0.9 [21] . Considering the conductor is moderately old, both absorptivity and emissivity are taken as typical value of 0.5 in this paper. In addition, ranges of wind speed, wind incidence angle, and ambient temperature corresponds to the ranges of real conditions from 1 January 2015 to 31 December 2015 and the fixed values are selected as the average. The ranges of sunshine intensity and declination angle are taken as the maximum and minimum of theoretical values calculated by CIGRE standard. The fixed value of sunshine intensity is taken as 0 W/m 2 in night and the average in day. The fixed value of declination angle is taken as 0 • . It is stipulated that the solar hour angle at noon is 0 • taken as the fixed value, which varies at 15 The ampacity difference caused by single parameter variation is shown in Table 1 . The meteorological parameters including wind speed, ambient temperature and wind incidence angle have great influence on ampacity, followed by emissivity and sunshine intensity, while solar hour angle, solar absorptivity and declination angle have little influence on ampacity. 
Statistical Analysis of Key Meteorological Parameters
The meteorological data used in this section include wind speed, wind direction and ambient temperature in 10 min interval from 1 June 2009 to 21 May 2017 in Observatory of Shandong University in Weihai, China. The statistics of the key meteorological parameters in the past eight years are as follows.
Wind Speed
The maximum wind speed is 22.7 m/s. The maximum difference of the maximum frequency wind speed in different years is 0.8 m/s. Similarly, the wind speed difference of the same season in different years is 6.9 m/s, and the difference of the same month in different years is 7.4 m/s. The above differences illustrate that it is necessary to use historical statistics of meteorological parameters to drive the thermal rating of the line.
In the same years, the maximum differences of the maximum frequency wind speed in different seasons and months are 6.1 m/s. The differences indicate the necessity of dividing time scale of thermal rating. The frequency distribution histogram of the eight-year wind speeds is shown in Figure 1 .
The ampacity difference caused by single parameter variation is shown in Table 1 . The meteorological parameters including wind speed, ambient temperature and wind incidence angle have great influence on ampacity, followed by emissivity and sunshine intensity, while solar hour angle, solar absorptivity and declination angle have little influence on ampacity. 
Statistical Analysis of Key Meteorological Parameters
The meteorological data used in this section include wind speed, wind direction and ambient temperature in 10 minutes interval from June 1, 2009 to May 31, 2017 in Observatory of Shandong University in Weihai, China. The statistics of the key meteorological parameters in the past eight years are as follows.
Wind Speed
In the same years, the maximum differences of the maximum frequency wind speed in different seasons and months are 6.1 m/s. The differences indicate the necessity of dividing time scale of thermal rating. The frequency distribution histogram of the eight-year wind speeds is shown in Figure 1 . 
Ambient Temperature
According to statistics, the maximum and minimum temperatures are 42.0 • C and −13.5 • C, respectively. The maximum annual temperature difference is 51.9 • C. The maximum difference of the average temperatures in different years is 2.0 • C. Similarly, the maximum differences of the same seasons and the same months in different years are 4.7 • C and 6.3 • C respectively. In the same year, According to statistics, the maximum and minimum temperatures are 42.0 °C and −13.5 °C, respectively. The maximum annual temperature difference is 51.9 °C. The maximum difference of the average temperatures in different years is 2.0 °C. Similarly, the maximum differences of the same seasons and the same months in different years are 4.7 °C and 6.3 °C respectively. In the same year, the maximum differences of the average temperatures in different seasons and months are 24.5 °C and 29.0 °C, respectively. The above temperature differences show the necessity of QDR in different time scales based on meteorological data. The frequency distribution histogram of the eight-year ambient temperatures is shown in Figure 2 . 
Wind Direction
The wind direction is highly variable, especially the low wind is non directional. Figure 3 shows the frequency distribution histogram of the hourly wind incidence angle in 2015. It can be seen that the distribution of wind incidence angle varies greatly, that is, wind direction varies randomly. It is concluded from Section 3 that the influence of wind incidence angle on ampacity is smaller than that of ambient temperature and wind speed. Therefore, the long-term average incidence angle of 45° is used to calculate the ampacity of transmission lines [22] . 
Case Study
Wind Direction
The wind direction is highly variable, especially the low wind is non directional. Figure 3 shows the frequency distribution histogram of the hourly wind incidence angle in 2015.
According to statistics, the maximum and minimum temperatures are 42.0 °C and −13.5 °C, respectively. The maximum annual temperature difference is 51.9 °C. The maximum difference of the average temperatures in different years is 2.0 °C. Similarly, the maximum differences of the same seasons and the same months in different years are 4.7 °C and 6.3 °C respectively. In the same year, the maximum differences of the average temperatures in different seasons and months are 24.5 °C and 29.0 °C, respectively. The above temperature differences show the necessity of QDR in different time scales based on meteorological data. The frequency distribution histogram of the eight-year ambient temperatures is shown in Figure 2 . 
The wind direction is highly variable, especially the low wind is non directional. Figure 3 shows the frequency distribution histogram of the hourly wind incidence angle in 2015. It can be seen that the distribution of wind incidence angle varies greatly, that is, wind direction varies randomly. It is concluded from Section 3 that the influence of wind incidence angle on ampacity is smaller than that of ambient temperature and wind speed. Therefore, the long-term average incidence angle of 45° is used to calculate the ampacity of transmission lines [22] . It can be seen that the distribution of wind incidence angle varies greatly, that is, wind direction varies randomly. It is concluded from Section 3 that the influence of wind incidence angle on ampacity is smaller than that of ambient temperature and wind speed. Therefore, the long-term average incidence angle of 45 • is used to calculate the ampacity of transmission lines [22] .
Case Study
Quasi-dynamic Thermal Rating
According to Section 3, the influence degree of meteorological parameters and conductor parameters on ampacity is obtained. Therefore, in this section, the longest transmission line with the length of 47 km, voltage level of 220 kV, and type of LGJ-400/50 in Weihai, from Weihai to Wendeng, 
According to Section 3, the influence degree of meteorological parameters and conductor parameters on ampacity is obtained. Therefore, in this section, the longest transmission line with the length of 47 km, voltage level of 220 kV, and type of LGJ-400/50 in Weihai, from Weihai to Wendeng, is studied. The LGJ-400/50 line is shown in Figure 4 . The meteorological data of Weihai with the interval of 10 minutes, including wind speed and ambient temperature, are from June 1, 2009 to May 31, 2017. The wind incidence angle is fixed at 45°. The sunshine intensity, declination angle and solar hour angle are calculated from CIGRE standard. The emissivity and absorptivity are fixed at 0.5. According to the above parameters, the ampacity of 416450 groups can be calculated by Equation (2). The scatter diagram is shown in Figure 5 , which shows that the distribution of ampacity has obvious seasonality. Especially the ampacity is high in winter and low in summer, which is consistent with the temperature distribution, low temperature in winter and high temperature in summer. The necessity of calculating the QDR by dividing time scales is further explained. Moreover, STR is 592 A calculated by Equation (2), and only a few data points in Figure 5 are lower than 592 A, which shows that the method presented in this paper can effectively improve the utilization of the transmission capacity.
A year is divided into twelve months and four quarters, and the meteorological data in eight years are divided into subsets according to different time scales. The QDR under different time scales and confidence levels is calculated by statistical analysis of ampacity in Figure 5 . Figure 6 and Table 2 show the yearly, seasonally and monthly ratings under the confidence level of 99%. It can be seen that the thermal capacity of the transmission line is seasonally dependent, with the maximum According to the above parameters, the ampacity of 416450 groups can be calculated by Equation (2). The scatter diagram is shown in Figure 5 , which shows that the distribution of ampacity has obvious seasonality. Especially the ampacity is high in winter and low in summer, which is consistent with the temperature distribution, low temperature in winter and high temperature in summer. According to the above parameters, the ampacity of 416450 groups can be calculated by Equation (2). The scatter diagram is shown in Figure 5 , which shows that the distribution of ampacity has obvious seasonality. Especially the ampacity is high in winter and low in summer, which is consistent with the temperature distribution, low temperature in winter and high temperature in summer. The necessity of calculating the QDR by dividing time scales is further explained. Moreover, STR is 592 A calculated by Equation (2), and only a few data points in Figure 5 are lower than 592 A, which shows that the method presented in this paper can effectively improve the utilization of the transmission capacity.
A year is divided into twelve months and four quarters, and the meteorological data in eight years are divided into subsets according to different time scales. The QDR under different time scales and confidence levels is calculated by statistical analysis of ampacity in Figure 5 . Figure 6 and Table 2 show the yearly, seasonally and monthly ratings under the confidence level of 99%. It can be seen that the thermal capacity of the transmission line is seasonally dependent, with the maximum The necessity of calculating the QDR by dividing time scales is further explained. Moreover, STR is 592 A calculated by Equation (2), and only a few data points in Figure 5 are lower than 592 A, which shows that the method presented in this paper can effectively improve the utilization of the transmission capacity.
A year is divided into twelve months and four quarters, and the meteorological data in eight years are divided into subsets according to different time scales. The QDR under different time scales and confidence levels is calculated by statistical analysis of ampacity in Figure 5 . Figure 6 and Table 2 show the yearly, seasonally and monthly ratings under the confidence level of 99%. It can be seen that the thermal capacity of the transmission line is seasonally dependent, with the maximum in January in winter and the smallest in August in summer. In addition, using the data in this paper, the yearly rating under 99% confidence level obtained by the method in [15] is 741A, while it is 899A in this paper, which further illustrates the conservativeness of the calculation method in [15] . The method proposed in this paper is more appropriate to the actual operation of the lines. in January in winter and the smallest in August in summer. In addition, using the data in this paper, the yearly rating under 99% confidence level obtained by the method in [15] is 741A, while it is 899A in this paper, which further illustrates the conservativeness of the calculation method in [15] . The method proposed in this paper is more appropriate to the actual operation of the lines. The yearly and seasonally ratings under different confidence levels are shown in Table 3 . When the confidence level changes from 90% to 99%, the yearly rating is reduced from 1314 A to 899 A, which is decreased by 31.6%. Similarly, the ratings in spring, summer, autumn and winter decreased by 31.4%, 29.2%, 29.7% and 29.8% respectively. It can be seen that the yearly and seasonally ratings change obviously with the change of confidence level. Even if the confidence level is 99%, the summer rating is the smallest of 842 A, which is much larger than STR of 592 A. The same conclusion can be drawn from the monthly ratings under different confidence levels. Through the quantitative analysis, it is further illustrated that QDR can effectively improve the utilization of line capacity. The yearly and seasonally ratings under different confidence levels are shown in Table 3 . When the confidence level changes from 90% to 99%, the yearly rating is reduced from 1314 A to 899 A, which is decreased by 31.6%. Similarly, the ratings in spring, summer, autumn and winter decreased by 31.4%, 29.2%, 29.7% and 29.8% respectively. It can be seen that the yearly and seasonally ratings change obviously with the change of confidence level. Even if the confidence level is 99%, the summer rating is the smallest of 842 A, which is much larger than STR of 592 A. The same conclusion can be drawn from the monthly ratings under different confidence levels. Through the quantitative analysis, it is further illustrated that QDR can effectively improve the utilization of line capacity. 1294  1356  1169  1308  1541  92%  1273  1332  1146  1286  1516  93%  1248  1304  1119  1262  1485  94%  1219  1270  1087  1234  1452  95%  1181  1231  1046  1198  1412  96%  1135  1180  996  1153  1359  97%  1082  1119  931  1091  1290  98%  1005  1056  878  1019  1214  99%  899  945  842  934  1097 Energies 2019, 12, 792 9 of 13 Without considering the occurrence probability of meteorology, the ambient temperature changes from −10 • C to 40 • C, and the wind speed changes from 0 m/s to 20 m/s. When the current passing through the line is the yearly rating of 899 A under 99% confidence level, the conductor temperature changes from −4.2 • C to 135.5 • C. Figure 7 shows the temperature distribution of the conductor. The average temperature is 30.3 • C, which is much lower than the maximum allowable operating temperature of 70 • C. Only at very high temperatures and very low wind speeds, the conductor temperature exceeds 70 • C, indicating that the rating is conservative when the meteorological parameters change and the ampacity is constant. Shortening the time scale of thermal rating can effectively increase the utilization of transmission lines capacity. Without considering the occurrence probability of meteorology, the ambient temperature changes from -10 °C to 40 °C, and the wind speed changes from 0 m/s to 20 m/s. When the current passing through the line is the yearly rating of 899 A under 99% confidence level, the conductor temperature changes from −4.2 °C to 135.5 °C. Figure 7 shows the temperature distribution of the conductor. The average temperature is 30.3 °C, which is much lower than the maximum allowable operating temperature of 70 °C. Only at very high temperatures and very low wind speeds, the conductor temperature exceeds 70 °C, indicating that the rating is conservative when the meteorological parameters change and the ampacity is constant. Shortening the time scale of thermal rating can effectively increase the utilization of transmission lines capacity. When the yearly, seasonally and monthly ratings under 99% confidence level (Table 2) flow through the line, the frequency distribution of conductor temperature is shown in Figure 8 . In the operating year, the maximum, average and minimum values of the conductor temperature corresponding to the yearly rating are 96.2 °C, 35.0 °C and 0.06 °C, respectively. Similarly, the temperatures corresponding to the seasonally rating are 98.4 °C, 37.5 °C and 4.2 °C, and corresponding to the monthly rating are 102.1 °C, 38.0 °C and 4.4 °C, respectively. The operation risks of yearly, seasonally and monthly ratings are 3.07%, 4.53% and 4.99% shown in Table 4 . Compared with STR, the yearly rating and the average of the seasonally and monthly ratings increased by 51.86%, 61.23% and 62.78% respectively. From Figure 8 and Table 4 , it can be seen that the QDR of the line increases greatly with the decrease of the time scale. However, the operation risk increases slightly, which further illustrates the necessity of shortening the time scale of the thermal rating. When the yearly, seasonally and monthly ratings under 99% confidence level (Table 2) flow through the line, the frequency distribution of conductor temperature is shown in Figure 8 . In the operating year, the maximum, average and minimum values of the conductor temperature corresponding to the yearly rating are 96.2 • C, 35.0 • C and 0.06 • C, respectively. Similarly, the temperatures corresponding to the seasonally rating are 98.4 • C, 37.5 • C and 4.2 • C, and corresponding to the monthly rating are 102.1 • C, 38.0 • C and 4.4 • C, respectively. The operation risks of yearly, seasonally and monthly ratings are 3.07%, 4.53% and 4.99% shown in Table 4 . Compared with STR, the yearly rating and the average of the seasonally and monthly ratings increased by 51.86%, 61.23% and 62.78% respectively. From Figure 8 and Table 4 , it can be seen that the QDR of the line increases greatly with the decrease of the time scale. However, the operation risk increases slightly, which further illustrates the necessity of shortening the time scale of the thermal rating. Figure 9 shows the operation risks of QDR under different time scales and confidence levels (90% to 99%, increasing by 1%). When the confidence level is 99%, the yearly rating and the average of seasonally and monthly ratings are 899 A, 954.5 A and 963.67 A, and the operation risks are 3.07%, 4.53% and 4.99%, respectively. Similarly, the ratings are 1314 A, 1364.75 A and 1377.92 A under the confidence level of 90%, and the operation risks are 27.89%, 28.76% and 29.26%, respectively. Obviously, the QDR and operation risk increase with the decrease of the confidence level. Accordingly, the confidence level has a great impact on operation risk. It is worth mentioning that the randomness of meteorological parameters, such as wind speed and ambient temperature, is the main cause of operational risk. If the historical meteorological data and operational meteorological data are identical, the operation risk only depends on the confidence level. Specifically, when the confidence level is 99%, the operation risk is 1%, regardless of conductor's own characteristic parameters, such as the absorptivity, emissivity or the diameter. Figure 9 shows the operation risks of QDR under different time scales and confidence levels (90% to 99%, increasing by 1%). When the confidence level is 99%, the yearly rating and the average of seasonally and monthly ratings are 899 A, 954.5 A and 963.67 A, and the operation risks are 3.07%, 4.53% and 4.99%, respectively. Similarly, the ratings are 1314 A, 1364.75 A and 1377.92 A under the confidence level of 90%, and the operation risks are 27.89%, 28.76% and 29.26%, respectively. Obviously, the QDR and operation risk increase with the decrease of the confidence level. Accordingly, the confidence level has a great impact on operation risk. It is worth mentioning that the randomness of meteorological parameters, such as wind speed and ambient temperature, is the main cause of operational risk. If the historical meteorological data and operational meteorological data are identical, the operation risk only depends on the confidence level. Specifically, when the confidence level is 99%, the operation risk is 1%, regardless of conductor's own characteristic parameters, such as the absorptivity, emissivity or the diameter. Figure 9 shows the operation risks of QDR under different time scales and confidence levels (90% to 99%, increasing by 1%). When the confidence level is 99%, the yearly rating and the average of seasonally and monthly ratings are 899 A, 954.5 A and 963.67 A, and the operation risks are 3.07%, 4.53% and 4.99%, respectively. Similarly, the ratings are 1314 A, 1364.75 A and 1377.92 A under the confidence level of 90%, and the operation risks are 27.89%, 28.76% and 29.26%, respectively. Obviously, the QDR and operation risk increase with the decrease of the confidence level. Accordingly, the confidence level has a great impact on operation risk. It is worth mentioning that the randomness of meteorological parameters, such as wind speed and ambient temperature, is the main cause of operational risk. If the historical meteorological data and operational meteorological data are identical, the operation risk only depends on the confidence level. Specifically, when the confidence level is 99%, the operation risk is 1%, regardless of conductor's own characteristic parameters, such as the absorptivity, emissivity or the diameter. Assuming that the line studied will in service for 12 years with the operation meteorological data, the time series of high conductor temperature and corresponding exposure time can be obtained. The conductor tension loss at a certain temperature can be calculated by Equation (6) , taking into account its exposure time. Then the tension loss at all temperatures is accumulated. The risk of the 99% confidence level thermal rating is small, and its tension loss is very small when operate for 12 years. The time series of high conductor temperature (above 95 • C) and corresponding exposure time under Table 5 . The cumulative process of the total loss of tensile strength of aluminum strands is illustrated in Figure 10 . As shown in Figure 10 , the loss of tensile strength of an individual aluminum strand is L Al = 4.88%. Figure 9 . The operation risks of QDR under different time scales and confidence levels.
Operation Risk and Tension Loss Assessment
Assuming that the line studied will in service for 12 years with the operation meteorological data, the time series of high conductor temperature and corresponding exposure time can be obtained. The conductor tension loss at a certain temperature can be calculated by Equation (6) , taking into account its exposure time. Then the tension loss at all temperatures is accumulated. The risk of the 99% confidence level thermal rating is small, and its tension loss is very small when operate for 12 years. The time series of high conductor temperature (above 95 °C) and corresponding exposure time under the thermal rating of 98% confidence level are shown in Table 5 . The cumulative process of the total loss of tensile strength of aluminum strands is illustrated in Figure 10 . As shown in Figure 10 , the loss of tensile strength of an individual aluminum strand is LAl = 4.88%. Since LGJ-400/50 conductor is a composite conductor that has a steel core, its overall loss of tensile is substantially reduced. The total loss of tensile strength in a composite conductor is computed using Equations (7)- (9) . The single-core aluminum conductor tensile loss of 4.88% is converted to the tension loss of the composite conductor, which is 2.63%. Table 6 shows the tension loss for yearly, seasonally and monthly rating at different confidence levels for a duration of 12 years. The lower the confidence level is, the higher the thermal rating, and the more serious the tension loss is. In Table 6 , the tension loss of confidence level below 95% confidence level is not given, because the corresponding tension loss exceeds the allowable value of 15%. QDR can improve the utilization of current carrying capacity a of transmission lines, but there is also the risk of operating at too high conductor temperature. The resulting conductor tension loss will affect the service life of transmission lines. The confidence level is an important parameter affecting QDR and operational risk, and its accurate selection is very important. In this paper, three suggestions are given: first, to improve the utilization of the line as much as possible; second, the conductor temperature should not reach 120 °C; third, the economic benefit and operation cost of the whole life cycle of the line should be considered. Since LGJ-400/50 conductor is a composite conductor that has a steel core, its overall loss of tensile is substantially reduced. The total loss of tensile strength in a composite conductor is computed using Equations (7)- (9) . The single-core aluminum conductor tensile loss of 4.88% is converted to the tension loss of the composite conductor, which is 2.63%. Table 6 shows the tension loss for yearly, seasonally and monthly rating at different confidence levels for a duration of 12 years. The lower the confidence level is, the higher the thermal rating, and the more serious the tension loss is. In Table 6 , the tension loss of confidence level below 95% confidence level is not given, because the corresponding tension loss exceeds the allowable value of 15%. QDR can improve the utilization of current carrying capacity a of transmission lines, but there is also the risk of operating at too high conductor temperature. The resulting conductor tension loss will affect the service life of transmission lines. The confidence level is an important parameter affecting QDR and operational risk, and its accurate selection is very important. In this paper, three suggestions are given: first, to improve the utilization of the line as much as possible; second, the conductor temperature should not reach 120 • C; third, the economic benefit and operation cost of the whole life cycle of the line should be considered. 
Discussion
Because the QDR technology has not been implemented in Weihai, in the absence of meteorological data along the transmission line, this paper regards the transmission line as a lumped element and presents a quasi-dynamic rating analysis. In fact, meteorological conditions can differ along the power line. The study line is the longest transmission line with the length of 47 km in Weihai, from Weihai to Wendeng. The above QDR are calculated using Weihai meteorological data. For comparison, the DTR and QDR are calculated with the meteorological data (wind speed and ambient temperature) of Wendeng at the end of the line. In practice, the wind direction of each point along the overhead line is different, and the direction of the overhead transmission line is also changing. Therefore, the angle between the wind direction and the line axis, that is, the angle of wind incidence, is very different in different positions of the line. Wind incidence angle has great randomness in time and space distribution. Therefore, the long-term average of wind incidence angle of 45 • is adopted in this paper. The results of DTR and QDR under Weihai and Wendeng meteorological data are compared. The results show that the average difference of DTR is 319.5 A, while the difference of QDR is small. The difference of average monthly rating, seasonally rating and yearly rating are 46 A, 45 A and 54 A at the confidence level of 99%, respectively. This further shows that in the absence of along-line measuring devices, QDR is more accurate, reliable and cost-saving. In addition, the transmission line is regarded as a lumped parameter element for simplified conditions, and the QDR is calculated theoretically based on the heat balance equation rather than experimental verification, which is the limitation of this paper. In practical application, the optimal arrangement of meteorological sensors and their sampling resolution, and the specific topography, sag and the key span along the line need to be considered.
Conclusions
Based on the change of key parameters, a method for driving long time scale QDR is proposed in this paper. By statistical analysis of the maximum allowable ampacity, the QDR under different time scales and confidence levels is determined, which effectively increases the utilization of line capacity on the basis of saving the cost of monitoring. In this paper, through control variate method, the key parameters affecting the ampacity are accurately identified as wind speed, ambient temperature and wind direction. Key parameters, confidence level and time scale are important factors affecting QDR. With the decrease of confidence level and time scale, the results of QDR are increased. Therefore, with the permission of operation and control complexity, shortening the time scale of QDR can effectively improve the utilization of transmission lines. Moreover, the tension loss should be taken into account in the selection of confidence level. When the temperature of aluminium conductor exceeds 120 • C, its aging speed will become very fast. The optimal confidence level should be selected to maximize the utilization of current carrying capacity under the condition that the conductor temperature does not exceed 120 • C, and the economic benefits and operating costs under the whole life cycle should also be taken into account in future work.
